Abstract: This paper uses data on the world's copper mining industry to measure the impact on e¢ ciency of the adoption of the ISO 14001 environmental standard. Anecdotal and case study literature suggests that …rms are motivated to adopt this standard so as to achieve greater e¢ ciency through changes in operating procedures and processes. Using plant level panel data from 1992-2007 on most of the world's industrial copper mines, the study uses stochastic frontier methods to investigate the e¤ects of ISO adoption. The variety of models used in this study …nd that adoption either tends to improve e¢ ciency or has no impact on e¢ ciency, but no evidence is found that ISO adoption decreases e¢ ciency.
Introduction
ISO 14000 is a series of voluntary standards for environmental management. It provides a set of best practice tools and techniques that, if adopted, will ostensibly help …rms minimize their environmental footprint and conserve resources. Case study and anecdotal evidence suggests that few …rms adopt the ISO 14001 standard out of a concern for the environment or to improve their own environmental performance. Firms are more likely to give other reasons for the adoption of the standard, e.g. market access, attention to stakeholder requirements, relief from mandatory regulation, reduced legal liabilities, a greener public image, lower costs and greater e¢ ciency (Morrow and Rodinelli 2002; O'Connor 2002) . Given that the adoption of standards poses substantial opportunity costs for …rms, it is important to determine if it provides any real bene…ts.
A focus of this study is whether one of these bene…ts -enhanced e¢ ciency -is associated with the adoption of the standard.
We have plant level data from 1992-2007 on most of the world's industrial copper mines. Excluding copper sul…de mines, which use a di¤erent technology, the study covers over 85% of the world's copper mines. The copper industry is a truly global industry, one which is both highly competitive and polluting. In general, we are interested in estimating and understanding the production technology (as measured by a cost frontier) and ine¢ ciencies in this unique data set.
Our speci…c research question of most interest is whether the adoption of the 14001 standard impacts on ine¢ ciency. The study use data on both the intention to seek ISO 14001 certi…cation (measured a year before certi…cation is gained, when …rms have made or are making necessary changes in their operations, after formally announcing the intention to gain certi…cation) and the period when and after certi…cation is achieved. It examines their impact on mine ine¢ ciency using several approaches, all of which fall within a stochastic frontier framework. All approaches measure ine¢ ciency relative to a cost frontier. However, ine¢ ciency is modelled in several di¤erent ways, depending on whether ine¢ -ciency is treated as a random or …xed e¤ect and whether explanatory variables are included in the ine¢ ciency distribution. Furthermore, we present results for di¤erent sub-samples of mines (i.e. open pit and underground). Although it empirically focuses on the ISO 14001 standard, it is worthwhile noting that the ISO 9000 and SA 8000 standards are quality management systems similar in spirit to the ISO 14000 series. All require similar implementation and auditing behavior. Hence the study's …ndings have implications for these other voluntary standards.
The remainder of the paper is structured as follows. Section 2 motivates the paper in the context of a brief discussion of the ISO 14001 standard, focussing on quantitative studies measuring its relationship to mine ine¢ ciency. Section 3 introduces the econometric model. Section 4 discusses the data set used in the analysis. It also discusses aspects of the copper mining industry relevant for the empirical analysis. Section 5 presents empirical results. Section 6 provides a summary and conclusion.
Context: Voluntary Standards & Firm Performance
The relationship between environmental standards and …rm performance has been a hotly debated issue in the economic and management literature for some years. Some economists argue that any standards 2 will impose costs on a company that will divert resources from other areas of an operation and undermine its competitiveness. They reason that, if e¢ ciency gains from adopting standards exist, then a rational mine would have already adopted them and would not await for ISO standard to inspire them to do so. In contrast, others argue that such standards have bene…cial outcomes for a …rm's bottom line, enforcing a discipline on …rms through the implementation of an environmental management system (EMS) that forces managers and sta¤ to continuously think about and act on reducing the environmental impacts of their production every step of the way. 3 This in turn, leads to less waste and greater conservation of energy and other resources. In addition, such discipline provides other bene…ts or "low hanging fruit" in the form of e¢ ciency gains. These are assumed to be achieved, for example, through the adoption of lean green technologies and inputs and the reduction of costs associated with pollution liabilities and waste management (Porter and van der Linde 1995) .
In most cases these bene…ts have been determined to exist on the basis of case study and anecdotal evidence only. An example of such a study is Newbold (2006) , who presents a number of case studies of the global mining industry. One company analyzed is Codelco, all of whose copper mines are represented in our sample. In 1996 the company decided to become more environmentally respon-2 We use the word "standard" when describing ISO 14001 certi…cation rather than voluntary regulation or self-regulation, which is common in the literature. Regulations arise from and are enforced by governments and are legally binding, whereas standards (which may eventually become regulations) are developed by like-minded associations. Unlike regulations, standards focus on process rather than outcomes. It could be argued that the main bene…ciary of regulations is society. In contrast, customers (and the …rms themselves) are potentially the main bene…ciaries of standards.
3 It is important to stress that two very similar …rms could have quite di¤erent environmental measures, processes and goals but still gain ISO 14001 certi…cation. In essence, the ISO 14001 is a ‡exible standard that leaves it up to the …rm to decide how it is going to achieve certi…cation within the parameters of the ISO 14001 EMS.
Adoption of the standard involves 5 steps: a) the development of an environmental policy that has the commitment of senior executives; b) the identi…cation of legal/regulatory commitments and targeting of areas for improvement of environmental performance; c) a system for implementation of targets (including programs for training all employees in environmental awareness and competency), the delineation of clear responsibilities and channels of communication and documentation of the EMS, and procedures for control of environmental impacts of all operations in the …rm; d) a system for continual monitoring, measurement and improvement of environmental performance (including an audit system for reporting and non-compliance); and e) constant re-evaluation by senior management of the e¤ectiveness of all internal programs, systems, products, and targets. sible and seek ISO 14001 certi…cation across all its mines. Once the decision was made at the senior level to commit resources to environmental improvement the next step involved the compilation of a registry of environmental impacts and applicable legislation and regulations. The control of CO2 emissions, in particular was a high priority. Speci…c areas were prioritized for CO2 mitigation projects and the reduction of energy use through the use of cleaner production technologies. 4 Other steps included engaging the willing participation of all workers in both its mines and companies in its supply chain, awareness training of the environmental targets and procedures for their implementation, and the introduction of better procedures for dealing with other environmental issues, such as the handling of waste. Agreements were also forged between authorities in respect to on-going management and monitoring of the environment (see Newbold 2006) .
In contrast to these case studies, there are far fewer empirical studies measuring whether voluntary standards provide any bene…ts for the …rm. The vast majority of these empirical studies are concerned with analyzing the relationship between environmental outcomes and the adoption of voluntary standards.
These studies tend to …nd a mixed story, with some reporting a positive impact has examined whether the adoption of voluntary environmental standards affects the economic performance of the …rm. One exception is the study by Boyd and McClelland (1999) , who use a DEA approach to measure the loss from potential productive output due to pollution abatement spending in US paper plants. Productive ine¢ ciency is measured in terms of the allocation of investment capital away from production e¢ cient improvements to pollution abatement spending arising from environmental controls. This abatement capital constraint was found to contribute to a small decrease in productivity. Similarly, Anton et al (2002) …nd that S&P 500 …rms with higher levels of environmental self-reporting also have higher levels of pro…tability; however, whether this was related to their higher levels of environmental e¢ ciency -the focus of the study -is unclear. Most of the studies looking at the relationship between …rm economic performance and the adoption of voluntary standards focus on the ISO 9000 and other service standards. By and large they have found bene…ts for …rms from the adoption of such standards in the form of entry into new markets, higher volume of sales and better …nancial performance (Corbett et al 2005; Terlaak and King 2005; King and Lenox (2001) ).
This study will attempt contribute to this small body of empirical literature. It focuses on the role that the ISO 14001 standard has on one measure of economic performance: e¢ ciency. As far as we are aware, ours is the …rst such study to empirically investigate the relationship between ISO 14001 and e¢ ciency. To this end, we use a stochastic cost frontier model, which allows for the estimation of mine-speci…c ine¢ ciency. Speci…cally, we attempt to answer:
Do the economic costs of meeting environmental standards lead to lower e¢ -ciency for the …rm? Or, by forcing …rms to think and act in a disciplined way about environmental management, does it lead them to become more e¢ cient?
In our measure of ISO 14001 adoption we distinguish between the intention to seek ISO 14001 certi…cation (the year before certi…cation when …rms are making or have made necessary changes to their operations and management) and the period when and after certi…cation is achieved. Our data set indicates that achieving the 14001 certi…cation can take a mine as long as 6-9 years from the date of announcement of intention. Hence we also want to capture any potential e¢ ciency improvements before certi…cation since the vast bulk of the steps in the EMS will be in place by then.
3 Empirical Analysis
Model & Methods
In order to investigate the impact of the adoption of ISO standard and, more broadly, the e¢ ciency of the copper mines in our data set, we use stochastic frontier methods. The model begins with a cost frontier where costs of mine i at time t, C it ; depends on output , Q it , and r input prices, p j;it (for j = 1; ::; r, t = 1; ::; T and i = 1; ::; N ). The translog cost frontier, which de…nes the minimum levels of costs achievable by a mine producing Q it facing input prices p it;1 ; ::; p it;r , can be written as:
where " it re ‡ects measurement error and is assumed to be i.i.d. N 0; 2 and u it > 0 is the ine¢ ciency of mine i at time t. We will discuss the treatment of u it below. Su¢ ce it to note that (1) is a standard stochastic frontier cost function and, by restricting u it to be positive, it is given the interpretation as re ‡ecting ine¢ ciency (i.e. u it measures how far the costs of mine i are above best practice at time t). Given our log speci…cation, e¢ ciency can be de…ned
Due to data limitations and in an attempt to control for mine heterogeneity, we modify this conventional translog cost frontier by adding other explanatory variables geological and physical factors of the mine that impact on costs. We call these variables Z 1 ; ::; Z k and include them in the cost frontier as:
The key question addressed in this paper is whether certi…cation and the intention to seek certi…cation (designated in the study by the acronyms, ISOACC and ISOINT, respectively) have an important e¤ect on ine¢ ciency. Beginning with Schmidt and Sickles (1984) , a variety of approaches to ine¢ ciency measurement have been suggested when using panel data (see also Battesi and Coelli, 1992) . These approaches di¤er in their treatment of three issues: i) whether ine¢ ciency is treated as random or …xed, ii) whether ine¢ ciency depends on other explanatory variables, and iii) whether ine¢ ciency is time-varying or not.
Given the research question of this paper, we want ine¢ ciency to depend on explanatory variables such as ISOACC. In many ways, it is desirable to allow for time variation in ine¢ ciency and, accordingly, our main results allow for ine¢ ciency to vary over time. However, allowing for ine¢ ciency to vary over both i and t can lead imprecise estimation due to the need to estimate T N ine¢ ciencies. Accordingly, as a robustness check we also estimate models where ine¢ ciency for each mine is constant over time. Finally, most of our models assume ine¢ ciency is a random variable drawn from a known distribution and we refer to such models as random e¤ects stochastic frontier models below. However, as another robustness check, we present results based on the …xed e¤ects ine¢ ciency estimator of Schmidt and Sickles (1984) .
We adopt the Bayesian methods for e¢ ciency analysis with panel data developed in Koop, Osiewalski and Steel (1997) . This allows us to estimate the entire model, as opposed to a two stage method where the researcher …rst estimates mine ine¢ ciencies and then runs a second stage regression of ine¢ ciency estimates on explanatory variables. The reader is referred to Koop, Osiewalski and Steel (1997) for complete technical details, 6 which includes a description of the posterior simulation algorithms used to produce our empirical results. Here it is su¢ cient to describe the basic modelling ideas.
Let u be T N vector containing all the u it s. We can handle both the time an intercept (i.e. all its elements are one). Koop, Osiewalski and Steel (1997) allow for such explanatory variables to in ‡uence the mean of the ine¢ ciency by introducing a hierarchical structure which adds an s-dimensional extra parameter vector = ( 1 ; : : : ; s ) 0 with all elements being positive. Given , v has the following p.d.f.:
where f G (zja; b) denotes the p.d.f. of a Gamma distribution with mean a=b and variance a=b 2 and, thus, the mean of the ine¢ ciency distribution of observation l is l ( ) 1 . We set the …rst argument of the Gamma to 1, which implies an exponential distribution.
Note that the use of an exponential distribution (a common choice in stochastic frontier analysis) ensures that ine¢ ciencies are positive. We allow l ( ) to depend on in the following way
Our w lj s will be dummy variables (plus an intercept). Thus, in this speci…cation j will measure the impact of explanatory variable j on ine¢ ciency. To aid in interpretation of our empirical results consider the following example. In one of our models, W will contain an intercept and the ISOACC dummy variable. In this case 2 will measure the impact of adopting ISO standards on ine¢ ciency.
Mines which have adopted ISO standards will have mean ine¢ ciency of ( 1 2 ) 1 whereas those which have not have mean ine¢ ciency of ( 1 ) 1 . If 2 > 1 then ISO accredited …rms will have lower ine¢ ciency than non-accredited …rms. But if 2 < 1 then non-accredited …rms will have lower ine¢ ciency. If 2 = 1 then ISO accreditation has no impact on ine¢ ciency.
In our empirical results, we implement this model with the two di¤erent choices for D described above, with di¤erent choices for W and with di¤erent sub-samples of the data. Note that, for most of our mines, the elements of W are constant over time (e.g. most of the mines either have ISO accreditation for all periods or for none). For the exceptions to this, when we are working with time-varying ine¢ ciencies, the components of W will be time-varying. But when we are working with time-invariant ine¢ ciencies, we set the appropriate element of W to 1 if ISO standards are adopted at any point in time (and it is set equal to zero only if ISO standards are never adopted).
Equations (2), (3) and (4) can be thought of as a stochastic frontier variant of a random e¤ects panel data model, since the ine¢ ciencies are assumed to be drawn from the random distribution given in (3). Koop, Osiewalski and Steel (1997) also derive a …xed e¤ects version of the stochastic frontier model based on the …xed e¤ects e¢ ciency analysis of Schmidt and Sickles (1984) . That is, instead of assuming a speci…cation like (3) for the ine¢ ciencies, they are modelled using mine-speci…c dummy variables and transformed into ine¢ ciencies as described in Schmidt and Sickles (1984) or Koop, Osiewalski and Steel (1997) .
The reader is referred to these papers for additional details. It is su¢ cient at this stage to note that the inclusion of so many mine speci…c dummy variables can often result in imprecise estimation. Moreover, it is also di¢ cult to generalize this approach to allow for explanatory such explanatory variables as ISOACC to explain the ine¢ ciencies. For these reasons, most researchers prefer to work with random e¤ects speci…cations. However, …xed e¤ects speci…cations are typically interpreted as being more robust to endogeneity concerns and, hence, we also estimate …xed e¤ects stochastic frontier models as a robustness check.
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Further to the issue of endogeneity we note that our model involves two main equations: one de…nes a cost frontier and the second one relates the ine¢ ciencies to explanatory variables. Endogeneity is not an issue in the cost frontier since it can simply be interpreted as a mechanical method for estimating a bestpractice frontier. Intuitively, the frontier that mine A faces is de…ned by mines with similar input prices and outputs and other characteristics (e.g. geology).
Endogeneity issues are not relevant to this part of the analysis. It is only in our second equation, where we try to interpret why some mines are more or less e¢ cient than others that the problem of endogeneity becomes relevant. That is, our model will be able to estimate the impact of ISO adoption on ine¢ ciency.
However, it may be di¢ cult to distinguish between various stories for why this impact is occurring and whether any impact we …nd is causal. This issue is discussed in further detail in the empirical results section below, but su¢ ce it to say that it is for this reason that we include results from the …xed e¤ects approach as a robustness check on our results.
Furthermore, motivated by the potential endogeneity issue, some of our results include an extra explanatory variable, CO2 (in addition to the ISOACC variable) in the ine¢ ciency distribution. This variable is de…ned in the next section, but it is worthwhile here to explain why we include it. For present purposes, note that it is a measure of whether a mine is emitting a relatively high or low level of CO2 emissions. As such, it can be thought of as re ‡ecting each mine's current environmental performance. To see why the inclusion of CO2 as an explanatory variable in the ine¢ ciency distribution should mitigate worries about endogeneity, let us consider how endogeneity might arise in the …rst place. Suppose we …nd that mines which adopt ISO standards are more e¢ cient. It could be that this re ‡ects a causal relationship in that the actions taken as part of ISO adoption are leading to higher e¢ ciency. But it is possible that environmentally-minded …rms are both more e¢ cient to begin with and are more likely to adopt ISO standards. If such a story is true, then ISO standards are not having a direct causal e¤ect on ine¢ ciency. If we can …nd a measure of "environmentally-mindedness" we can control for this and, if the ISO variable is still associated with higher e¢ ciency, then we can be more con…dent that endogeneity worries are not a problem. We conjecture that CO2 might be a measure of "environmentally-mindedness" that is not directly associated with the variables in the cost frontier and, thus, might help assuage the reader of endogeneity concerns.
Data
Data for the study came from a variety of sources. ISO data came from annual company reports and direct inquiries with head o¢ ce. Other data came from company annual reports, stock exchange …lings, and two proprietary industry datasets (Minecost 2007; RMG 2007) which measure a range of geological, production and cost data for the global mining industry. CO2 emissions data were calculated using emission coe¢ cients for each country's electricity use, according to the IPCC standards for GHG inventories. 8 Table 1 lists the variables, their acronyms along with their de…nitions. Table 2 Our …nal variable is a dummy variable. For the reasons discussed at the end of Section 3, we include a CO2 measure as a control for endogeneity. The variable measures whether a mine's CO2 emissions per unit of metal produced are above or below average based on total CO2 emissions from electricity generation. Speci…cally, it is calculated from the kwh of electricity generated per unit ton of ore produced for each mine, using greenhouse gas emissions conversion factors for electricity production for each country's national grid. It excludes CO2 emissions from diesel fuel, another important energy source for mines. Diesel fuel use, and thus the level of resulting CO2 emissions generated, is not always directly under the mine's control (e.g. the steepness of the terrain will a¤ect on site transportation and thus the amount of diesel fuel used).
Equations (2) and (4) describe precisely how these variables enter the model, where the Group 1 variable is labelled y it , the Group 2 variable Q it , Group 3 variables are the p it;j , Groups 4 and 5 are the Z it;j and Group 6 are in w lj .
**** Tables 1 & 2 Here****
Empirical Results
We use two main stochastic frontier methodologies: random e¤ects with time varying e¢ ciencies and random e¤ects with time invariant e¢ ciencies. We also consider three di¤erent choices for our explanatory variables in the ine¢ ciency 
Results for the Cost Frontier
Tables 3 and 4 present point estimates (posterior means) and posterior standard deviations for the coe¢ cients of the cost function for the study's three di¤erent modelling approaches. We informally refer to point estimates as being "significant" if the posterior mean is two standard deviations from zero. The basic story from these tables is that the 3 di¤erent approaches are broadly similar.
For variables which enter linearly (as in Table 4 ) this is evidently clear. The coe¢ cient estimates for these investment and physical/geological variables are, for the most part, highly signi…cant and of the expected sign. Note that the coe¢ cient on DAYS is negative. But, since the dependent variable is measured as costs per day, this is not necessarily counter-intuitive. For the variables which enter nonlinearly, it is less clear that the implied frontier is similar for the different econometric approaches. But an examination of implied marginal e¤ects of each variable indicate that they quite similar across the di¤erent approaches.
There is strong evidence that the use of the translog functional form is important since many of the squares and cross products of the explanatory variables are often signi…cant.
**** Tables 3 & 4 Here**** Table 5 presents results for the coe¢ cients on the explanatory variables in the ine¢ ciency distribution. Their interpretation is discussed after (4) and the reader is reminded that a coe¢ cient estimate of one indicates the explanatory variable has no e¤ect on ine¢ ciency. Thus, we refer to a variable as being signi…cant if it is two posterior standard deviations from one. The 18 rows of the table correspond to the 18 main sets of results described above.
Results for the Ine¢ ciency Distribution
Results using all the observations (i.e. with only a dummy variable to account for di¤erences between open-pit and underground mines) are strong and signi…cant when we allow for a time-varying ine¢ ciency distribution. ISO accreditation is associated with less ine¢ ciency (or, equivalently, higher e¢ ciency).
This holds true regardless of whether we use a variable for actual ISO accreditation or actual or intended accreditation. Importantly, it also holds true when we include the CO2 variable in the ine¢ ciency distribution. For reasons discussed at the end of Section 3, inclusion of CO2 should control for one potential endogeneity issue. The fact that the coe¢ cient CO2 variable is less than one (and signi…cant) indicates that mines with high CO2 emissions are likely to be more ine¢ cient. However, even controlling for this e¤ect, we are still …nding ISO accreditation to have a signi…cant impact on ine¢ ciency.
These …ndings, however, are not that robust to our di¤erent statistical methodologies and choice of sub-samples of the observations. When we use a time-invariant ine¢ ciency distribution, ISO accreditation has no signi…cant impact on ine¢ ciency (even when we control for CO2). Similarly, when we
work only with open pit mines, nothing is signi…cant. It is only for underground mines that we …nd results that are similar to those described in the previous paragraph (although posterior standard deviations tend to be larger with this smaller data set and, hence, we have fewer signi…cant results).
Note however, that there is one way in which we could argue that our results are robust. This is in respect to the main research question motivating this paper: Does the adoption of the ISO 14001 EMS have any impact on ine¢ ciency?
Our results may disagree about whether ISO accreditation is good for e¢ ciency or has no impact on e¢ ciency. However, no econometrician could reasonably interpret the results to mean that adopting the ISO 14001 standard leads to greater ine¢ ciency (even allowing for potential endogeneity).
A consideration of …xed e¤ects stochastic frontier results also indicate endogeneity is not an important worry in the sense that (where comparable) ine¢ -ciency estimates are similar to those found using random e¤ects methods. To be precise: the correlation between the ine¢ ciencies estimated using the random e¤ects stochastic frontier model (with time invariant ine¢ ciency) and …xed effects stochastic frontier model is 0.801. Conventionally, …xed e¤ects models are thought of as being less susceptible to endogeneity worries than random e¤ects approaches. Thus the results can o¤er some reassurance that our random e¤ects models are not too a¤ected by endogeneity.
*** Table 5 Here*** 6 Discussion and conclusion
The number of …rms adopting the ISO 14001 standard since its inception in 1996 has risen dramatically. However, while there is a wide body of qualitative case study and anecdotal literature on the consequences of ISO 14001 for …rm performance, there has been little empirical research examining whether it lives up to its promise. This study has contributed to the small but growing body of empirical studies that have analyzed the impact of ISO 14001 and 14001-like EMS systems on …rm performance. Case study and anecdotal evidence suggests enhanced e¢ ciency is an important motivation for seeking ISO 14001 certi…cation. Some managers consider it to be more important than -indeed, as even driving -environmental concerns. This study has looked at the impacts of ISO 14001 on e¢ ciency in a plant-level study of the global copper industry. We investigated several di¤erent econometric methodologies and di¤erent sub-sets of the data. Such an approach is useful since results that are robust to di¤erent methods are more believable than those presented for a single method.
It found some evidence that ISO 14001 certi…cation may be associated with greater e¢ ciency. On the whole, however, this evidence was not robust across model choice or sample. How do we interpret this indeterminate …nding? First, it may be a re ‡ection of the diversity of reasons given by …rms for adopting the standard. The case study literature has shown that …rms pursue ISO 14001 certi…cation for a variety of reasons. Thus, while mines may make substantive changes in their operations en-route to achieving certi…cation, it could be that these are not impacting primarily on e¢ ciency. Second, as mentioned above, it may be that these outcomes are linked to speci…c internal or external circumstances and characteristics of mines, which are not easy to identify in this kind of study. Third, managers in the copper industry may be seeking ISO 14001 certi…cation for purely symbolic rather than substantive reasons. If this is the case, then commitment to achieving the objectives of the standard, the integration of support throughout the mine, the …nancial resources devoted to its implementation, and the level of employee and managerial awareness and effort employed to achieve certi…cation, will be super…cial at best. Without more substantive changes, e¢ ciency gains may not be achievable. Finally, the reason may lie outside the internal operations of the …rm itself. Although the standard does require third-party auditors, thereby reducing opportunities for shirking and free-riding, accountability to the standard is weakened due to both the lack of disclosure of third-party audits and strong sanctions against non-conformity once certi…cation is achieved. In this case, a standard without su¢ cient "teeth" or transparency will be unlikely to have much impact on mine performance beyond a very super…cial level.
Whichever story is the correct one, our study does provide some comfort to managers in the global copper industry who have implemented or are planning to adopt an ISO 14001 EMS: There is no evidence that it will lower e¢ ciency.
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